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of Forebrain That Gives Rise to Retina
Jui Chang Chuang* and Pamela A. Raymond*,†,1
*Program in Cell, Developmental, and Neural Biology, and †Department of Cell and
Developmental Biology, University of Michigan Medical School,
Ann Arbor, Michigan 48109-0616
Zebrafish retinal homeobox genes rx1 and rx2 are expressed exclusively in the optic primordia and then in cone
photoreceptors of the differentiated neural retina. In this study, we show that the rx expression domain is coextensive with
the region identified as the retinal field in published fate maps of the neural plate in zebrafish embryos. Analysis of the
spatiotemporal relationships between retinal and forebrain precursors suggests that lateral movement of retinal precursors
is responsible for evagination of the optic primordia. Overexpression of either rx1 or rx2 results in the loss of forebrain tissue
and the ectopic formation of retinal tissue. We asked whether the deletion of forebrain and expansion of retinal tissue could
be explained by the death of telencephalic precursors and enhanced proliferation of retinal precursors, and we found that it
could not. Instead, our data are consistent with a change in cell fate of forebrain precursors associated with reduced
expression of telencephalic markers (emx1 and BF-1) and ectopic expression of retinal markers (rx1/2/3, pax6, six6, and vsx2)
at the neural keel stage. The rx homeodomain alone is sufficient to induce ectopic retinal tissue, although weakly so, and
this observation, together with results from deletion constructs, suggests that interactions with unidentified transcriptional
regulators are important for rx1 and rx2 function during early eye development. We conclude that regulated expression of
zebrafish rx1 and rx2 helps to define the region of the forebrain fated to give rise to retinal tissue and may be involved in
the cellular migrations that lead to splitting of the retinal field and formation of the optic primordia. © 2001 Academic Press
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Fate-mapping studies have shown that the vertebrate
neural retina and other tissue derivatives of the optic
primordia originate from a region of the rostral neural plate
that gives rise to forebrain (reviewed in Rubenstein et al.,
998). The derivatives of the optic primordia include the
eural retina and the retinal pigmented epithelium (RPE),
he iris, and ciliary epithelia; the optic stalks, which attach
he optic primordia to the brain, later become the optic
erves. In zebrafish the retinal field (the forebrain region
rom which the optic primordia arise) is specified at the end
f gastrulation [;8 h postfertilization (hpf)] (Woo and
raser, 1995; Varga et al., 1999). Initially the retinal field is
single, median zone, which later splits into two lateral
1 To whom correspondence should be addressed at University of
Michigan Medical School, Department of Cell and Developmental
Biology, 1335 Catherine Street, Ann Arbor, MI 48109-0616. Fax:
(734) 763-1166. E-mail: praymond@umich.edu.
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All rights of reproduction in any form reserved.ptic primordia; this process begins at the neural plate stage
nd becomes complete at early somitic stages (;15 hpf)
Schmitt and Dowling, 1994; Varga et al., 1999). The forma-
ion of two bilateral optic primordia not only splits the
etinal field in two but also establishes definitive morpho-
ogical boundaries between forebrain and retinal primordia.
ecently, the Eph family of tyrosine kinase receptors was
mplicated in the stabilization of regional forebrain pat-
erns, including the retinal field (Holder and Klein, 1999).
Signaling molecules such as Sonic hedgehog (Shh) and
odal-related members of the TGFb family, which are
ecreted from the ventral midline, were previously im-
licated in the process that leads to splitting of the retinal
eld (Ekker et al., 1995; Macdonald et al., 1995; Varga et
al., 1999; Masai et al., 2000). For example, mutations of
Shh and Nodal in mouse and humans cause holoprosen-
cephaly and cyclopia (Chiang et al., 1996; Roessler et al.,
1996; Nomura and Li, 1998; Rubenstein and Beachy,
1998; Gripp et al., 2000). However, zebrafish sonic-you
mutants, which lack shh activity, have less severe defects
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14 Chuang and Raymondand are not cyclopic (Schauerte et al., 1998). In zebrafish,
the nodal-related secreted protein cyclops (cyc) appears to
function upstream of shh in the induction pathway that
leads to specification of the ventral neural tube (Mu¨ller et
al., 2000), and when mutated, causes cyclopia (Rebagliati
et al., 1998; Sampath et al., 1998; Varga et al., 1999).
Several homeobox genes, including Pax6, Six3/6, and
x, are known to be important for the establishment of
etinal identity and the proper development of the eye
reviewed by Jean et al., 1998). Zebrafish rx genes (rx1,
x2, and rx3) are among the earliest expressed and, unlike
ther eye-determination genes that have broader expres-
ion domains, expression of zebrafish rx1 and rx2 is
confined to the optic primordia (Mathers et al., 1997;
Chuang et al., 1999). In our previous study, we showed
hat rx3 is expressed before rx1 and rx2 (Chuang et al.,
999), but it is down-regulated in retinal precursors soon
fter the formation of optic primordia, and by 12 hpf, rx3
s strongly expressed in the most rostral end of the neural
eel (the hypothalamic primordium). In contrast, the
xpression of rx1 and rx2 is up-regulated during forma-
ion of the optic primordia, remains confined to the optic
rimordia, and is maintained in proliferating retinal
recursors and differentiated cone photoreceptors
Chuang et al., 1999). All three rx genes are initially also
xpressed at the midline of the neural keel as the two
ptic primordia are evaginating, but this expression dis-
ppears by 15 hpf, when the optic primordia are no longer
ttached caudally to the forebrain (Mathers et al., 1997;
huang et al., 1999). In the present study, we show that
x is expressed only in the region of the rostral neural
late previously defined as the retinal field by fate-
apping studies (Woo and Fraser, 1995; Varga et al.,
999). We further show that during formation of the
eural keel, cells expressing rx become sandwiched be-
tween telencephalic and ventral diencephalic precursors,
and then move laterally into the optic primordia.
To analyze the role of zebrafish rx genes in eye devel-
opment, we used a gain-of-function approach. We found
that overexpression of rx1 and rx2 led to the deletion of
orebrain structures and the ectopic formation of retinal
issues in regions where forebrain was deleted. These
orphological changes were associated with changes of
ene expression patterns at the neural keel stage, suggest-
ng that the mechanism was transformation of cell fate
hat occurred specifically during the morphogenetic
ovements that establish the optic primordia as morpho-
ogically distinct structures. These data suggest that rx1
nd rx2 play an important role in initial specification of
he retinal field and formation of the optic primordia. An
nalysis of deletion constructs suggests that endogenous
x2 may interact with other transcriptional regulators.
inally, we discuss the possible relationship between rx
nd the Eph/ephrin signaling pathway and between rx
nd other eye-determination genes. w
Copyright © 2001 by Academic Press. All rightMATERIALS AND METHODS
5* RACE and cDNA Cloning of rx1
59 RACE (rapid amplification of cDNA ends) was performed as
recommended by the manufacturer (Gibco BRL, Rockville, MD) to
obtain the full-length coding sequence of zebrafish rx1 cDNA
(GenBank accession number: AF001907). The coding region of rx1
redicts a protein of 330 amino acid residues, with overall amino
cid identity of 71% to zebrafish rx2 and 46% to rx3. The
ctapeptide domain and homeodomain of rx1 are 100% identical to
hose of rx2 (see Fig. 3 below for sequence comparison).
Experimental Animals
Adult wild-type zebrafish were from our outbred colony. Cy-
lops mutants (cyclopsb16) were from J. Kuwada at the University of
ichigan, with permission of the Zebrafish Stock Center at the
niversity of Oregon. Embryos were raised at 28.5°C and staged in
ours postfertilization (hpf); some embryos were maintained in
.03% phenylthiourea after 12 hpf to block melanin formation
Westerfield, 1995).
RNA Constructs
Full-length rx cDNA constructs were made by inserting the
oding regions of zebrafish rx1, rx2, and rx3 into pCS21 (Rupp et
al., 1994). Deletion of the octapeptide domain (rx2DOP) was
accomplished by digesting pCS21rx2 with BamHI/NotI, followed
by religation with DNA linkers (59GGCCGCGTCTTCAGTAAA-
GACCAG and 59GATCCTGGTCTTTACTGAAGACGC). Dele-
tion of the Rx domain (rx2DRx) was by digestion of pCS21rx2 with
PpuMI, followed by religation with T4 DNA ligase. EnR and Gal4
fusion proteins were made by subcloning rx2 in-frame into
pCS21EnR and pCS21G4A vectors (from D. Turner), respectively.
Various other deletion and fusion constructs in pCS21 were
generated by PCR (polymerase chain reaction) using specific prim-
ers (see Results below at Fig. 3). Primer sequences will be provided
on request.
RNA Microinjection
Capped RNA was synthesized in vitro by using the mMESSAGE
mMACHINE kit (Ambion, Austin, TX), quantified by spectropho-
tometry and sized by agarose gel electrophoresis. RNA (50–1000
pg) in 1 nl DEPC-treated water, containing 0.1% phenol red as a
tracer, was injected into one- to eight-cell zebrafish embryos. In
some injections, eGFP (enhanced Green Fluorescent Protein) RNA
was included (50% of the amount of rx RNA). Some embryos were
njected with myc-tagged rx2 RNA; subsequent immunodetection
ith anti-c-myc monoclonal antibody (clone 9E10; Roche Molecu-
ar Biochemicals, Indianapolis, IN), indicated that fusion protein
as present for up to 37 hpf (data not shown).
Histology
In situ hybridization with digoxigenin- or fluorescein-labeled rx
RNA on whole embryos or cryosections (8–15 mm) was performed
s described (Chuang et al., 1999). For two-color, whole-mount in
itu hybridization (Jowett, 1999), Fast Red and BM purple (Roche)
ere used as substrates for the color reaction. Other cDNAs used to
s of reproduction in any form reserved.
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15rx1 and rx2 Define the Retinagenerate RNA probes were: otx2 (from E. Weinberg), pax6.1 and shh
from J. Y. Kuwada), six6 (from H.-C. Seo), pax6.2 (from T. Johan-
en), and rod opsin (from D. R. Hyde). RT-PCR was used to generate
mx1 (26 to 738), pax2.1 (1 to 1599), and BF-1 (1 to 2120).
hole-mount immunostaining using an antibody against acety-
ated a-tubulin (1:1000 dilution; Sigma, St. Louis, MO) and the
Vectastain ABC kit (Vector Laboratories, Burlingame, CA) was
performed as described (Liu et al., 1999).
Mitotic cells were detected by using an antibody against phos-
phohistone H3 (Upstate Biotechnology, Lake Placid, NY) on cryo-
sections (8 mm) which had been processed for in situ hybridization.
Cy-3 (red)-conjugated secondary antibody (Jackson ImmunoRe-
search Laboratories, West Grove, PA) was used for the immunode-
tection. The sections were counterstained with fluorescent blue
nuclear stain (49,6-diamidino-2-phenylindole [DAPI], Sigma).
Cell Death
Control and injected embryos (14–28 hpf) were stained with the
vital dye, acridine orange (AO, acridinium chloride hemi-[zinc
chloride]; Sigma) (Abrams et al., 1993). Living embryos were
echorionated and placed in 2 mg/ml of AO in Embryo Medium
Westerfield, 1995). After 30 min of staining, they were washed
ith Embryo Medium and viewed using the fluorescein filter on a
eiss Axiophot fluorescence microscope. After observation, some
mbryos survived until 48 hpf, when they were scored for the eye
henotype (see below).
Phenotypic Analysis of Injected Embryos
Embryos injected with rx RNA were fixed at 2–3 days postfer-
ilization, washed in PBS, and stored in 100% methanol. They were
cored positive for an eye phenotype when at least one of the
ollowing was found: ectopic melanin pigment in conjunction with
he eyecup; deficiency in the retinal pigmented epithelium (RPE);
wo eyes connected by a bridge of neural retina and/or RPE
fused-eye phenotype). Following microinjection of rx3 and rx2DC-
nR RNA, the embryos were scored for a reduction in eye size.
dditional phenotypes included a partially duplicated axis, rostral
rain deletion, or miscellaneous other defects. Embryos with eye
henotypes, but which also had one of these other defects, were
ategorized according to the latter phenotype.
RESULTS
Morphogenesis of the Optic Primordium
Our previous studies showed that zebrafish rx genes (rx1,
rx2, and rx3) are expressed in the rostral neural plate as a
single domain with an indention at the midline of the
caudal border (Chuang et al., 1999). This expression pattern
as similar in extent and position to that of the region
esignated as the retinal field in earlier fate-mapping stud-
es (Woo and Fraser, 1995; Varga et al., 1999). To examine
his apparent correspondence more carefully, we compared
he expression domains of rx with forebrain-specific genes.
ccording to the fate-mapping study by Varga et al. (1999),
he retinal field in the rostral neural plate is coextensive
ith the expression domain of opl (odd-paired-like, alsoalled zic1) (Grinblat et al., 1998; Rohr et al., 1999). We
Copyright © 2001 by Academic Press. All rightound that, like opl, the expression domain of the three rx
enes was encircled rostrally and laterally by the expression
omain of emx1 (Morita et al., 1995), which specifically
abels telencephalic precursors (Varga et al., 1999) (Fig. 1A).
lso like opl, the caudal indentation of the rx3 expression
omain was missing in cyclops mutant embryos (Fig. 1C);
he altered expression domain reflects abnormalities in the
pecification of ventral diencephalic (hypothalamic) precur-
ors in these embryos (Varga et al., 1999). These observa-
ions suggest, but do not prove, that the rx expression
omain is restricted to the territory of the neural plate that
epresents the retinal field.
Since later in development (at the neural keel stage), rx1
nd rx2 are expressed only in the optic primordium, and
ince their expression domains correspond to the region of
he neural plate from which retinal tissue derives, these
enes appear to be markers for cells destined to become
etina and associated tissues. To gain a better understand-
ng of the processes involved in separation of the single
etinal field into two, lateral optic primordia, we used
ouble in situ hybridization to examine the expression
atterns of rx2 and rx3 in relation to the telencephalic
arkers emx1 and BF-1 during the period (10–15 hpf) of the
ormation of the optic primordia (Figs. 1A and 1D–1G). At
he onset of neurulation, telencephalic precursors express-
ng emx1 and BF-1 were rostral and lateral to the retinal
recursors in the neural plate (Figs. 1A and 1D). As the
eural keel formed by the processes of cell convergence and
xtension (Papan and Campos-Ortega, 1994; Concha and
dams, 1998), telencephalic precursors migrated medially
nd superficially to the retinal precursors (Fig. 1E). Simul-
aneously, ventral diencephalic precursors, which do not
xpress emx1, BF-1, or rx, migrated rostrally along the
midline (Kozlowski et al., 1997; Varga et al., 1999), but deep
to the retinal precursors (Fig. 1E). Although rx3 (but not rx1
or rx2) is expressed in the rostral hypothalamic primordium
beginning at 12 hpf (Chuang et al., 1999 and data not
shown), it is not expressed in the ventral neural keel caudal
to the presumptive hypothalamus (Figs. 1E–1G). These cell
migrations established a trilaminar neural keel, with retinal
precursors sandwiched between (dorsal) telencephalic pre-
cursors and ventral diencephalic precursors (Fig. 1E). Sub-
sequently, the retinal precursors evaginated laterally to
form the optic primordia, and the thickness of the rx-
expressing domain decreased at the midline (Fig. 1F) until
the telencephalic and ventral diencephalic domains were
juxtaposed (Fig. 1G and data not shown). At this stage,
rx-expressing cells at and near the midline of the neural
keel were elongated horizontally (arrow in Fig. 1F and data
not shown), consistent with their lateral migration into the
optic primordia.
Next we compared the expression patterns of rx in wild
type embryos with those in cyclops mutants, which are
defective in the processes that lead to splitting of the retinal
field. In wild type embryos at 14 hpf, the rx1 expression
domain has an indentation at the rostral midline, which
corresponds to the location of the primordium of the
s of reproduction in any form reserved.
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16 Chuang and Raymond
Copyright © 2001 by Academic Press. All righthypothalamus (Fig. 1H, arrowhead). However, in cyclops
embryos the rostral indentation in the rx1 domain was
issing (Fig. 1I). Later, when rx1 is confined to the lateral
optic primordia in wild type embryos (Fig. 1J), in cyclops
embryos it persists as a bridge across the midline (Fig. 1K),
indicative of the failure of the eyes to separate rostrally.
Overexpression of rx1 and rx2 Results in Ectopic
Retinal Tissue in the Forebrain
The specific expression of zebrafish rx genes in retinal
precursors from the earliest stages suggests that they may
play an important role in the definition of the single retinal
field and/or the formation of optic primordia. To test this
idea, we injected synthetic rx1, rx2, and rx3 RNAs alone or
ith a tracer construct (enhanced Green Fluorescent Pro-
ein [eGFP] RNA) into one blastomere of one- to eight-cell
tage zebrafish embryos (Table 1). Injection of eGFP alone
id not affect eye development, but when rx1 or rx2 RNA
as injected, we observed a range of abnormal eye pheno-
ypes; rx2 was much more potent than rx1 [6% eye pheno-
ypes with 1 ng rx1 compared to 16–17% with 50 pg–1 ng
x2 (Table 1)]. The abnormalities included extension of a
ne track or a broad band of RPE and neural retina toward
he rostral and dorsal forebrain region between the two eyes
Figs. 2B, 2D, 2F, and 2H–2J). The variation in abnormal
henotypes appeared to be correlated with the mosaic
istribution of injected RNA in embryos, as judged by the
neven distribution of eGFP in living embryos (data not
hown). Large amounts of RNA did not systematically
roduce more severe phenotypes.
Unlike the proximal eye phenotype produced by pax6
verexpression in Xenopus (Chow et al., 1999), the ex-
panded retinal tissue in rx2-injected zebrafish was neither
associated with the optic nerve nor located near the optic
tectum. In some respects, the mildest eye phenotypes
produced by rx2 overexpression appeared to be similar to
hat has been described for Xrx1 overexpression (Mathers
t al., 1997; Andreazzoli et al., 1999). In both cases, ectopic
RPE was located between the eye and forebrain, and the
neural retina was expanded. However, in most injected
zebrafish embryos the eye phenotypes were different from,
and more severe than, those described previously in Xeno-
pus. In the most severe cases, the expanded retinal tissue
was contiguous across the midline, resulting in a large
rx1 expression at the caudal midline. The arrowheads indicate the
region in which rx1 expression differs between wild type and
cyclops embryos. Note that rx1 is not expressed in the rostral
hypothalamus in wild type embryos, as reflected by an indentation
at the midline on the rostral side (arrowhead). In cyclops embryos
(I, K), the rostral hypothalamus is missing, and the two eyes are
fused in the rostral midline (arrowhead). Rostral is up in (A–C) and
(H–K). op, optic primordium; t, telencephalon; vd, ventral dien-FIG. 1. Expression of rx genes during neurulation in wild type and
cyclops embryos. (A, B) Normal expression pattern of rx in the
rostral neural plate (A) in relation to emx1 expression or (B) by
itself. (C) Expression of rx3 in cyclopsb16 embryos at the neural plate
stage. Note the absence of the caudal indentation at the midline
[compare arrow in (C) with arrows in (A) and (B)]. (D–G) Transverse
sections of whole-mount, double in situ preparations at the level of
(D) the retinal field or (E–G) the optic primordia. Note the relation-
ship between retinal precursors (marked by rx, in red) and telence-
phalic precursors (marked by emx1 or BF-1, in purple). The unla-
beled cells in the ventral neural keel are ventral diencephalic
precursors. (H–K) Comparison of rx1 expression in wild type (H, J)cephalon. Scale bars: 100 mm.
s of reproduction in any form reserved.
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17rx1 and rx2 Define the RetinaFIG. 2. Eye phenotypes and axis duplication in embryos injected with rx1 or rx2 RNA. (A–J) Comparison of wild type (A, C, E, G) and rx1- or
x2-injected embryos (B, D, F, H–J) at 60 h postfertilization (hpf), in a ventral view (A, B, E, F, J), a lateral view (C, D), or a frontal view (G–I). Arrows
ndicate the medial expansion of retinal tissue toward forebrain territories. (K) Partial axis duplication (arrows) caudal to the midbrain. (L)
ransverse section showing a third eye in the ventral midline (arrow) and a partially duplicated forebrain (arrowheads). (K) and (L) were hybridized
ith a pax6.1 RNA probe and viewed in a whole-mount (K, 60 hpf) or in a cryosection (L, 26 hpf). cf, choroid fissure; d, diencephalon; f, forebrain;
h, hindbrain; L, lens; m, midbrain; sc, spinal cord; t, telencephalon; vd, ventral diencephalon. Scale bars: 100 mm.
FIG. 3. Schematic drawing of the protein products from rx1, rx2, rx3 full-length and rx2 deletion constructs. The numbers below the
onstructs indicate the positions of the corresponding amino acids in full-length rx. The numbers inside the bars indicate the percentage
f identical amino acids in the conserved domains compared to rx2 sequence. See text for abbreviations.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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18 Chuang and Raymond“fused” eye in the region that is normally occupied by
forebrain (Figs. 2B, 2F, 2H, and 2J). In most cases, the two
eyes remained separated both ventrally and caudally, and
the distance between the two lenses was similar to that of
control embryos (compare Figs. 2E and 2F), although the
eyecups appeared to rotate ventrally (compare Figs. 2G and
2H). In rare cases, there was a single median eye (Fig. 2J).
The eyecup was very often less heavily pigmented proxi-
mally (facing the forebrain) in embryos with ectopic neural
retinal tissue, suggesting a loss or lack of differentiation of
RPE (Figs. 2B and 2F). In a small number of embryos
(;1–2% injected embryos), the proximal loss of pigment in
the RPE was not associated with ectopic neural retinal
tissue (data not shown).
In addition to the eye phenotypes, up to 24% of injected
embryos had a partially duplicated axis with shortened
body following microinjection of rx1 or rx2 RNA (Table 1;
ig. 2K). This phenotype is very similar to bipartite axiation
n embryos treated with chemical teratogens (Baumann and
ander, 1984). The axis duplication was usually restricted
o the region caudal to the midbrain–hindbrain boundary,
xcluding the tail, although we also observed embryos with
xis duplication in the forebrain, and very rarely (!1%)
mbryos had a second rostral axis and three (Fig. 2L) or four
yes (data not shown). This phenotype was also dosage-
ependent and was much more prevalent with rx2 (17–24%)
han with rx1 (0–1% at dose $100 pg).
Although endogenous rx3 is activated slightly earlier
han rx1 and rx2, and expression domains of all three genes
re initially completely coincident (i.e., confined to the
etinal field) (Chuang et al., 1999), we did not observe any of
the above eye phenotypes in rx3-injected embryos (Table 1).
In contrast, microinjection of rx3 resulted in a small per-
TABLE 1
Overexpression of Wild-Type rx
RNA injected
(pg) na
% eye
phenotype
% ro
redu
rx1(500) 69 1
x1(1000) 155 6
x2(50) 269 17
x2(100) 176 16
x2(300) 70 17
x2(600) 101 16
yc-rx2(1000) 198 17
x3(500) 165 4b 1
rx3(1000) 75 3b
eGFP(600) 144 0
Note. See Materials and Methods for description of phenotypes.
a n, number of injected embryos.
b These embryos showed reduced eyes only.centage (3–4%) of embryos with reduced eyes and a higher
Copyright © 2001 by Academic Press. All rightpercentage of embryos with rostral reduction (8–10%) when
compared with those injected with rx1 or rx2 (Table 1).
However, rx3 is down-regulated in the optic primordia
during neurulation (Chuang et al., 1999), so its inability to
induce ectopic retinal tissue is perhaps not surprising.
Conserved Regions Outside the rx1/rx2
Homeodomain Interact with Negative Regulators
In addition to the highly conserved paired-class ho-
meodomain, the family of Rx homeobox genes also shares
several other conserved domains, including the octapeptide
(OP), the Rx, and the OAR domains (Fig. 3). The OP domain
acts as a transcriptional repressor in other homeodomain
proteins (Smith and Janes, 1996; Mailhos et al., 1998). The
function of the Rx domain has not been characterized. The
OAR domain is a transcriptional activator in orthopedia
Simeone et al., 1994), and overexpression of Xrx1 lacking
he OAR domain resulted in reduction of rostral structures
nd the absence of eyes in Xenopus embryos, a phenotype
pposite to that observed with overexpression of Xrx1
Andreazzoli et al., 1999). However, the OAR domain is not
equired for the activity of another paired-class homeodo-
ain gene, Alx-4 (Hudson et al., 1998).
To characterize the function of each domain in zebrafish
x and in an attempt to generate a dominant-negative
onstruct of rx, we made a series of rx2-deletion constructs.
or each deletion construct, we injected at least three
ifferent concentrations (in the same volume of 1 nl) to
etermine the optimal concentration, defined as the highest
oncentration of RNA that when injected produced more
mbryos with eye phenotypes (specific effect) than embryos
ith partially duplicated axis and other nonspecific defects.
% duplicated
axis
% other
defect
% normal
embryos
0 7 91
1 17 74
5 6 69
24 10 47
17 14 51
24 24 35
0 7 76
0 31 55
0 15 74
0 0 96stral
ction
1
3
3
3
1
1
0
0
8
4We found that deletion of any of the three conserved
s of reproduction in any form reserved.
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19rx1 and rx2 Define the Retinadomains (DOP, DRx, and DOAR; Fig. 3) except the ho-
meodomain increased the percentage of injected embryos
with specific eye phenotypes (e.g., Figs. 2F, 2H, 2I, and data
not shown; summarized in Table 2). Deletion of the entire
region N-terminal to the homeodomain (DN and DN9
constructs; Fig. 3) or C-terminal to the homeodomain (DC
and DC9 constructs; Fig. 3) also increased the percentage of
embryos with eye phenotypes (e.g., Fig. 2J and data not
shown; summarized in Table 2). These results suggest that
FIG. 4. Morphology of eye and brain of living embryos between
mbryos at 24 hpf (dorsal view). In the control embryo (A), the two e
B, C) the eyes have expanded across the midline (arrowhead), resul
ith the diencephalon (arrows) proximal and caudal to the optic sta
o the diencephalon through the optic stalks, in the region of the h
mbryo. (D–F) Comparison of control, injected, and cyclops embryo
ave obliterated the telencephalon, but the hypothalamus is presen
he telencephalon. Embryos were injected with 300 pg rx2DRx (B, C
TABLE 2
Overexpression of rx2 Deletion Constructs and Functional Analys
RNA injected
(pg) na
% eye
phenotype
%
red
rx2DOAR(300) 183 47
rx2DRx(300) 127 61
rx2DOP(100) 218 23
rx2DC(300) 133 26
rx2DC9(300) 151 4
rx2DC9(600) 291 32
rx2DC9(1000) 348 52
rx2DN(50) 312 40
rx2DN9(50) 75 33
rx2DN9mut(50) 42 0
rx2DN9mut(300) 107 11
rx3DN9(50) 121 0
rx2HD(600) 157 2
x2HD(1000) 137 11
rx21rxl(50/50) 142 18
rx21rxl(100/100) 71 24
rx21rx3(50/50) 93 3
x21rx3(100/100) 290 12b
rx2HD-EnR(300) 135 0
rx2DC-EnR(600) 249 10c
rx2HD-G4A(50) 128 10
rx2DC-G4A(500) 136 12
a n, number of injected embryos.
b 50% of these embryos had reduced eyes (6% of the total embr
c These embryos showed reduced eyes only.mesencephalon; os, optic stalks; t, telencephalon. Scale bars: 100 mM.
Copyright © 2001 by Academic Press. All rightthe endogenous rx2 may be negatively regulated by cofac-
tors that interact with regions outside the homeodomain.
One of the constructs (rx2DN) resembles an Rx gene in
chick (Ohuchi et al., 1999), suggesting that the N-terminal
domain may be dispensable for Rx function. Notably,
deletion of the entire C-terminal region including the Rx
and OAR domains increased the specificity, in that no
embryos with partially duplicated axes were observed, even
at dosages up to 1 ng (Table 2).
nd 37 hpf. (A–C) Comparison of control (uninjected) and injected
re separated by the neural tube at the midline. In injected embryos
in deletion of forebrain (telencephalon). In (B), the eyes have fused
In (C), the eyes have fused at the midline, but also remain attached
halamus. The ventricular space in the midbrain is enlarged in this
37 hpf (frontal view). In the injected embryo (E), the expanded eyes
contrast, the cyclops embryo (F) lacks a hypothalamus but retains
1 ng rx2DC9 (E) RNA. d, diencephalon; e, eye; h, hypothalamus; m,
rx2
al
n
% duplicated
axis
% other
defect
% normal
embryos
10 2 41
1 8 18
7 3 66
0 1 73
0 1 95
0 2 66
0 3 44
12 3 44
32 5 29
0 0 100
3 6 80
0 11 88
0 3 95
3 22 63
6 6 69
45 5 25
0 4 92
15 13 58
1 26 73
0 25 58
1 9 80
23 15 5024 a
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20 Chuang and RaymondFIG. 5. Selective loss of forebrain structures in embryos following rx2 overexpression. (A–D) Comparison of shh and rx3 expression in
ontrol and injected embryos at 24 hpf (A, B; lateral view) or 60 hpf (C, D; transverse section). (C) rx3 is expressed in the inner nuclear layer
f the neural retina and in the hypothalamus. (E–J) Comparison of crx, BF-1, and emx1 expression in control and injected embryos at 36 hpf
(E–H) or 24 hpf (I, J). (E) and (F) are lateral views; (G–J) are dorsal views. Note the absence of crx expression in the epiphysis in (F), the strong
suppression of BF-1 in the telencephalon in (H), and the absence of emx1 expression in (J). Arrows in (E) and (F) indicate strong expression
of crx in the earliest differentiating retina, located at the ventronasal edge. (K, L) Anti-acetylated a-tubulin (a-tub) staining (dorsal view, 24
hpf). Black arrows show the major axonal tracts in the forebrain and white arrowheads show the axonal tracts in the midbrain region.
Embryos were injected with 1 ng rx2DC9 (B, D, J, L), or 300 pg rx2DRx (F, H) RNA. d, diencephalon; ep, epiphysis; h, hypothalamus; INL,
inner nuclear layer; t, telencephalon; tec, optic tectum; V, ventricle; vd, ventral diencephalon; vnr, ventral neural retina. Scale bars: 100 mm.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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21rx1 and rx2 Define the RetinaFIG. 6. Abnormalities of eye development following rx2 overexpression. (A, B) Comparison of eye morphology in control and rx2-injected
embryos (PTU-treated, dorsal view) at 88 hpf. The arrow in (B) indicates medial expansion of the right eye. (C) Ectopic expression of rx1
arrowheads) in the dorsal forebrain. (D, E) Comparison of control and rx2-injected embryos (lateral view). Lines in (D) and (E) represent the
stimated section planes shown in (F, N): 1; (H): 2; (G, I–L, O): 3; and (M): 4. (F) In control embryos at 74 hpf, rx1 is expressed in the outer
uclear layer and circumferential germinal zone (arrowheads) of the neural retina. (G) Ectopic cone photoreceptors (expressing rx1) form
osettes within neural retina (arrowheads) and are found at the boundary between the fused eyes (arrow). (H) The entire rostral end of this
mbryo (arrow) consists of retinal tissue. (I) Ectopic RPE and photoreceptors (arrow) are found in forebrain, and ectopic RPE is in neural
etina (arrowhead). (J) Ectopic photoreceptors (arrow) are in forebrain. (K) No forebrain tissue is found between the two eyes (arrow). In the
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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22 Chuang and RaymondThe rx1/rx2 Homeodomain Alone Is Sufficient to
Induce an Eye Phenotype
Microinjection of transcripts encoding only the DNA-
binding homeodomain (rx2HD; Fig. 3) produced embryos
ith eye phenotypes, although at low efficiency (11% at 1
g; Table 2). Because rx2HD lacks a transcriptional activa-
ion or repression domain, we reasoned that rx2 might act
y forming heterodimers with other transcription factor(s)
r cofactor(s).
To test the specificity of the rx2 homeodomain, we
enerated a chimeric rx2/rx3 construct. The homeodomain
f rx2 differs from that of rx3 by only two residues, and we
sed PCR to generate a chimeric, truncated construct in
hich the rx2 homeodomain was converted to the rx3
omeodomain (rx2DN9mut, Y145F, and M170L; Fig. 3). As
xpected, rx2DN9mut was much less effective at producing
ye phenotypes than was rx2DN9. Overexpression of
x2DN9mut (50 pg) produced no embryos with an eye
henotype compared to 33% with an eye phenotype after
njection with a comparable dose of rx2DN9 (Table 2). We
ere able to produce embryos with eye phenotypes with
x2DN9mut, but only at a much higher dosage (11% with
00 pg). Microinjection of a control construct in which the
omeodomain and C-terminal sequences were entirely rx3
id not produce eye phenotypes at any dosage tested
rx3DN9; Table 2 and data not shown). These results not
nly suggest that the homeodomain is essential for the
ctivity of rx2, but also suggest that regions outside the
omeodomain may determine its specificity.
The above-noted results indicated that rx2 might require
ther transcription factor(s) for maximal activity, and we
sked whether rx1 or rx3 could potentiate the effects of rx2.
e found that rx1 only slightly potentiated the effect of rx2
lone when they were coinjected in equal amounts (18%
ersus 17% and 24% versus 16%, respectively, for 50 and
00 ng; Table 2). The magnitude of the increase was far less
han the two- to four-fold increase in efficiency produced by
eletion constructs such as DRx and DOAR. Coinjection of
x2 and rx3, on the other hand, not only decreased the
ercentage of eye phenotypes produced by rx2 alone but
lso produced some embryos with reduced eyes (Table 2),
imilar to that produced by rx3 alone (Table 1).
We attempted to gain further insight into the action of
differentiated retina, rx3 is expressed in the inner nuclear layer (Chu
(arrow; methylene blue staining). (M) Ectopic RPE is surrounding th
nd injected embryos. The arrows in (O) show the lack of RPE and
g rx2DRx (B, E), 600 pg myc-rx2 (C, G–J, L, M), or 50 pg rx2DN9 (K
, O), 74 hpf (F, K), 96 hpf (H, I, M), and 46 hpf (L). d, diencephalon
esicle; t, telencephalon; V, ventricle. Scale bars: 100 mm.
IG. 7. Gene expression patterns at neural plate and neural keel s
and ectopic rx2 (B–E, G, I, K, M) expression. Purple staining repres
E); or BF-1 (H, I, L, M). Note suppression of emx1 (G, K, arrows) o
injected with 1 ng rx2DC9 RNA. Dorsal view of embryos at 9–
whole-mounted embryos are shown in the above panels, respectively. R
Copyright © 2001 by Academic Press. All rightx2 by making fusion proteins of selected domains of rx2
ith either the Drosophila engrailed repression domain
EnR) or the Gal4 activation domain (G4A). If the putative
ndogenous protein complex containing rx2 and its (un-
dentified) cofactor(s) activates transcription of downstream
arget genes involved in retinal determination, then the
x2-EnR fusion construct should interfere with endogenous
x2, and the rx2-G4A fusion construct should mimic the
ffect of rx2 injection. On the other hand, if rx2 and its
utative cofactor(s) repress transcription, then the opposite
ffects should be observed.
Embryos injected with rx2HD-EnR or rx2DC-EnR showed
o obvious eye phenotypes, but some had rostral defects,
hereas embryos injected with rx2HD-G4A or rx2DC-G4A
howed mild eye phenotypes (Table 2). These results are
onsistent with the prediction that rx2 acts as a transcrip-
ional activator, but they do not provide strong support for
his conclusion. We observed the partially duplicated axis
henotype in a substantial fraction (23%) of rx2DC-G4A-
njected embryos, suggesting that this phenotype could be
roduced by nonspecific transcriptional activation by ec-
opic rx2.
Expansion of Retinal Tissue Is Associated with
Deletion of Forebrain Tissue
To gain further insight into how the abnormal eye phe-
notype may be produced, we analyzed living embryos at
earlier stages. Before 15 hpf, when the optic primordia are
still attached to the forebrain caudally, we could not detect
any specific eye phenotypes in embryos injected with rx2.
However, in embryos older than 17 hpf we observed ectopic
expansion of the eye medially to occupy the forebrain area.
The expanded eyes were well integrated into the neural
tube in the forebrain region, such that other regions of
rostral brain were not affected (compare Figs. 4A, 4B, 4D,
4E, and data not shown). In some injected embryos, a
central lumen that was continuous with the lumen (ven-
tricle) of the remaining brain tissue formed between the
two expanded eyes (Figs. 4B, 4E, 5D, and 6K). In the most
severe cases, however, the two expanded eyes were fused in
the midline, resulting in embryos with a dorsal forebrain
deletion and with abnormal morphology in the midbrain
(Fig. 4C). The ventral diencephalon was usually present in
t al., 1999). (L) Replacement of telencephalic tissue by ectopic RPE
. (N–O) Comparison of pax6.1 expression patterns between control
ansion of neural retina ventrally. Embryos were injected with 300
RNA, and examined at 88 hpf (A, B), 78 hpf (C, G, J), 60 hpf (D, E,
, midbrain hindbrain boundary; ONL, outer nuclear layer; ov, otic
. Red staining represents endogenous rx2 and/or rx3 (A, F, H, J, L)
the expression of otx2 (A, B); emx1 (C, F, G, J, K); rx3 (D); pax6.2
-1 (I, M, arrows) by ectopic rx2. Embryos in (B–E, G, I, K, M) were
hpf (A–E), or 11–13 hpf (F–M). (J–M) Transverse sections of theang e
e lens
exp
, O)
; mhb
tages
ents
r BF
10.5
ostral is up in (A–I). Scale bars: 100 mm.
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23rx1 and rx2 Define the Retinaembryos with two separated lenses (Fig. 4E), as confirmed
by in situ hybridization with probes for shh and rx3, which
are expressed in ventral diencephalon (Figs. 5A–5D). Thus,
the eye phenotype produced by rx2 overexpression is differ-
ent from that in cyclops mutants, in which the ventral
forebrain is absent, resulting in embryos with eyes fused
ventrally (Hatta et al., 1994) (Fig. 4F).
To further characterize which part of the brain was
deleted as a result of the expanded eyes, we labeled embryos
with regionally specific brain markers, and we examined
major fiber tracts with anti-acetylated a-tubulin immuno-
cytochemistry. Crx (cone rod homeobox) is expressed both
in the neural retina and the epiphysis in embryos at 30 hpf
(Liu et al., 2001) (Fig. 5E). We found that the expression of
crx in the epiphysis was absent in some of the injected
embryos with fused eyes (Fig. 5F). In normal embryos at
24–48 hpf, both emx1 and BF-1 are expressed in the
telencephalon, and BF-1 is also expressed in the nasal retina
and otic placode (Morita et al., 1995; Toresson et al., 1998).
In embryos injected with rx2, the expression domains of
emx1 and BF-1 in the telencephalon were either decreased
or absent (Figs. 5H and 5J). Changes in expression patterns
of otx2, pax6.1, and zash-1a in injected embryos also
suggested that the dorsal forebrain, including the telenceph-
alon and dorsal diencephalon, were typically affected by rx2
overexpression, while the midbrain was intact in most
cases (data not shown). In some injected embryos, the major
axon tracts in the forebrain and midbrain regions (Fig. 5K)
were either not easily identifiable or missing (Fig. 5L),
suggesting impairment of neuronal organization. On the
other hand, optic stalks were present in embryos whose
expanded eyes were not completely fused (Fig. 4B), as
confirmed by the normal staining patterns of pax2.1 in
injected embryos (data not shown).
Changes of Eye Morphology and Expression
Patterns of Retinal-Specific Genes
Embryos with an expanded eye phenotype usually had
larger eyes compared to those of control embryos at the
same stage. This increase in eye size appeared to result from
the ectopic differentiation of retinal tissue medially rather
than enhanced growth of a normally positioned eye. When
embryos had only one affected eye (Fig. 6B), the rostral–
caudal diameter of the abnormal eye was comparable to
that in control embryos (Fig. 6A), whereas the diameter of
the affected eye in the medial–lateral axis was enlarged
(Fig. 6B).
To further characterize the ectopic eye tissue, embryos
injected with rx2 were sectioned and processed for in situ
hybridization with retinal-specific markers. At 60–96 hpf in
control embryos, retinal differentiation was advanced and
endogenous rx1 and rx2 expression was becoming limited
to cone photoreceptors and the circumferential germinal
zone, where it is expressed in adult fish (Chuang et al.,
1999) (Fig. 6F). In larval fish that had been injected with rx2
as embryos, expression of the photoreceptor markers rx1
Copyright © 2001 by Academic Press. All right(cones) and rod opsin (rods) indicated ectopic, differentiated
photoreceptors in regions that were normally occupied by
forebrain (Figs. 6C and 6G–6J). Ectopic photoreceptors ei-
ther were contiguous with the layer of photoreceptors in
the normal retina (Figs. 6I and 6J) or formed along a fusion
plane at the midline (Fig. 6G). In some cases, rosettes of
ectopic rx1 (Fig. 6G) and rod opsin (data not shown) indi-
cated a disruption of the laminar organization of the retina.
Several abnormalities in the RPE were also observed.
These included both dorsal overgrowth (Figs. 6G–6I) and
proximal loss (Figs. 6G–6K and 6O). In some embryos the
dorsal expansion of RPE (Fig. 6L) was associated with the
loss of telencephalic structures. In some cases, the RPE
cells overgrew the cornea and invaded the anterior chamber
of the eye (Fig. 6M) or the neural retina (Fig. 6I). On the
other hand, the loss of RPE proximally was always accom-
panied by the expansion of neural retina into forebrain (Figs.
6G–6J, 6K, and 6O). The proximal loss of RPE was also
observed in the zebrafish cyclops mutants (Fig. 4F).
Since ectopic rx2 protein was present in embryos for up to
37 hpf (see Materials and Methods; data not shown), some
of these changes might be the result of later effects of
ectopic rx2 on cell differentiation in the retina. However,
rx2 is not normally expressed in the differentiated RPE
(Chuang et al., 1999), and the RPE defects were present
from early stages (Fig. 2), suggesting that expansion of RPE
and neural retina may result from early effects of rx2 on cell
movement, cell proliferation, and/or cell fate decisions.
Overexpression of rx2 Changes Patterns of Gene
Expression at the Neural Keel Stage
The above data suggest that ectopic expression of rx2
results in deletion of forebrain and its replacement by
neural retina and RPE. If this interpretation is correct, it
implies a change of cell fate that should be reflected in
changes of gene-expression patterns early during develop-
ment. We therefore examined rx2-injected embryos at the
neural plate stage with double, whole-mount in situ hybrid-
ization using digoxigenin-labeled antisense probes for genes
that mark specific forebrain regions, together with
fluorescein-labeled antisense rx2 probes. In several embryos
he ectopic rx2 message was confined to either the right or
he left half of the embryos, which allowed us to compare
xpression patterns on the two sides.
We found no significant changes in expression of otx2,
mx1, rx3, pax6, pax2, and shh in rx2-injected embryos at
the neural plate stage (;10 hpf; n . 30 for each probe; Figs.
7B–7E and data not shown). These results are, in part,
consistent with overexpression studies of Xrx1 in Xenopus
embryos, in that the expression patterns of pax6 and six3
were not changed by the overexpression of Xrx1 (Andreaz-
zoli et al., 1999). However, we began to see changes in
forebrain markers at the neural keel stage. In a substantial
number of embryos (20/55) injected with rx2, expression of
either emx1 or BF-1 was suppressed (Figs. 7G and 7I). This
is best illustrated in transverse sections through the rostral
s of reproduction in any form reserved.
24 Chuang and RaymondFIG. 8. Ectopic expression of eye-determination genes, cell death, and proliferation in rx2-injected embryos. (A–C) Normal expression
patterns. (E–G) Ectopic expression of eye-determination genes (arrows). Note in (C) and (G), purple/brown staining shows the endogenous
rx2 expression (detected by a probe transcribed from 39 coding and 39 UTR sequences that were not present in the injection construct,
rx2DC9). In (G), red staining shows the exogenous rx2 (detected by a probe transcribed from rx2DC9). (D, H) Dorsal view of living embryos
stained with acridine orange. (H) Note more cell death on the left side of the injected embryo. (I–K9) Transverse sections of embryos showing
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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25rx1 and rx2 Define the Retinaneural keel, in which the expression of emx1 and BF-1 was
uppressed on one side of embryos that showed strong,
symmetric, ectopic rx2 staining (Figs. 7K and 7M).
Coincident with suppression of forebrain-specific genes
n the neural keel we found ectopic expression of retinal
arkers rx1, rx3, pax6, six6, and vsx2 in cells whose
ositions indicate that they usually contribute to the fore-
rain (Figs. 8E–8G, 8J, 8K, and data not shown). Using
ntisense RNA probes that distinguish endogenous and
xogenous rx2 expression (see Fig. 8 legend), we found that
ndogenous rx2 was also ectopically induced by the over-
xpression of rx2 (Fig. 8G). Together, these observations
uggest that the deletion of forebrain tissue and its apparent
eplacement by retinal tissue is most likely the result of a
hange of cell fate, in that forebrain precursors are con-
erted to retinal precursors.
To confirm that the loss of expression of telencephalic
arkers and the ectopic expression of retinal markers was
ot the result of excessive death of telencephalic precursors
nd the subsequent overproliferation and invasion of retinal
recursors into the forebrain region, we stained dead cells
ith acridine orange in living embryos (Figs. 8D and 8H) or
ith the TUNEL labeling method in fixed embryos (data
ot shown). Comparing rx2-injected embryos at 14–28 hpf
ith age-matched control embryos (uninjected or
b-galactosidase RNA-injected), we found that there was
more cell death in the rx2-injected embryos, but the in-
crease in cell death was neither specific to the forebrain
region of the injected embryos (Figs. 8D, 8H, and data not
shown) nor correlated with the appearance of eye pheno-
types (see Materials and Methods). Mitotic cells were de-
tected with an antibody against phosphohistone H3. We did
not observe an increase in the number of mitotic cells in
rx2-injected embryos, in which rx1 expression had ex-
panded into the forebrain region (Figs. 8J–8K9 and data not
shown). Taken together these results suggest that the loss
of the telencephalon is most likely because of a change of
cell fate.
In summary, the ability of exogenous rx2 to alter fore-
brain cell fate appears to be both temporally and spatially
regulated. Exogenous rx2 produces the observed eye pheno-
types when neurulation begins, during the period when the
retinal field is being split in two. Furthermore, the proposed
change in cell fate affects only regions adjacent to the
endogenous expression domain of rx1 and rx2.
expression of rx1 (I, J, K) and Cy-3 (red fluorescence) staining of m
respectively. The arrows in (J–K9) indicate ectopic expression of rx1
300 pg b-galactosidase (D), 1 ng rx2DC9 (E, G), 300 pg rx2DRx (H, J–
pf (C, G), or 19 hpf (D, H, I–K9). Rostral is up in (A–H). a-PH3, an
IG. 9. Schematic drawing showing formation of the rostral neura
how the direction of cell movement of retinal and forebrain pre
nd Fraser, 1995; Heisenberg and Nu¨sslein-Volhard, 1997; Va
hole-mount embryo. (B–E) Schematic drawing of transverse sex2-injected embryo (D).
Copyright © 2001 by Academic Press. All rightDISCUSSION
Separation of the Retinal Field and Morphogenesis
of the Optic Primordia
Previous studies described the morphogenesis of the optic
primordia in zebrafish (Schmitt and Dowling, 1994; Li et
al., 2000), and fate-mapping studies (Heisenberg and
Nu¨sslein-Volhard, 1997; Varga et al., 1999) described the
cellular movements associated with splitting of the single
retinal field into two lateral optic primordia. The latter
study proposed that rostral movement of axial mesen-
doderm and ventral diencephalic precursors splits the reti-
nal field in two. Our results are, on the whole, consistent
with those observations and provide additional insights
into the formation of the optic primordia. In particular we
showed that, before the optic primordia evaginate from the
rostral neural keel, the retinal precursors (marked by rx) are
ondensed into a single midline domain sandwiched be-
ween telencephalic and ventral diencephalic precursors.
his trilaminar structure of the rostral neural keel arises
rom the convergent movement of cells in the lateral rostral
eural plate (including telencephalic precursors and lateral
etinal precursors) toward the dorsal midline and the simul-
aneous rostral movement of ventral diencephalic precur-
ors (illustrated in Figs. 9A and 9B). The condensed, single
etinal domain then gradually segregates into two lateral
egions, which become visible at 12 hpf as optic primordia.
The disappearance of rx1 and rx2 expression from the
idline and the separation of the optic primordia could be
ediated by at least two mechanisms. It was previously
roposed (Li et al., 1997; Pera and Kessel, 1997) that signals
from the ventral midline (prechordal plate and ventral
forebrain) suppress the expression of eye-determination
genes in the midline. More recently, however, Varga et al.
(1999) showed by lineage analysis that cells in the midline
of the retinal field always move laterally into the optic
primordia and never give rise to telencephalon. Our results
are more consistent with the second mechanism. First, our
observations showed that coincident with lateral expansion
of the optic primordia, the rx expression domain at the
midline becomes thinner by loss of expression, not just
from the ventral but also from the dorsal side (Figs. 9B and
9C). If signals from the ventral midline were down-
regulating expression of eye-determination genes and con-
c cells and DAPI nuclear staining (I9, J9, K9) of the same sections,
rebrain territory in injected embryos. Embryos were injected with
or 600 pg myc-rx2 (F) RNA, and examined at 16 hpf (A–B, E–F), 15
osphohistone H3 antibody. Scale bars: 100 mm.
and the bilateral optic primordia in zebrafish embryos. Red arrows
ors proposed by us and/or shown by fate-mapping studies (Woo
t al., 1999). (A) Dorsal view of the rostral neural plate in a
s of the rostral neural keel in normal embryos (B, C, E) and anitoti
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26 Chuang and Raymondverting these cells into telencephalic precursors, this would
predict a loss of rx1 and rx2 expression first ventrally, then
dorsally. Second, the cells at the midline that express rx1
and rx2 are elongated in the horizontal dimension, consis-
tent with a laterally directed migration. Furthermore, in
cyclops mutant embryos, which lack a ventral forebrain,
the initial suppression of rx expression in the midline is
unaffected, suggesting that some lateral migration of retinal
precursors occurs, despite the absence of ventral midline
signals. However, in cyclops embryos this process arrests,
perhaps because the hypothalamic precursors fail to mi-
grate (Varga et al., 1999). The subsequent fusion of the
presumptive optic stalks in the rostral neural keel, which
occurs after evagination of the optic primordia, is followed
by transformation of the optic stalks into neural retina,
resulting in fused eyes (Macdonald et al., 1995). Although
Varga and colleagues (1999) suggested that the rostral move-
ment of the hypothalamic precursors is largely responsible
for the separation of the retinal field, it is not known
whether this movement itself, or the subsequent formation
of the hypothalamus, or both, are required for normal
separation and differentiation of the optic primordia.
Zebrafish rx1 and rx2 Have a Specific Role in
Retina Formation
The mouse Rx gene is required for eye development, and
targeted disruption of the Rx gene completely blocks for-
ation of the optic primordia and produces forebrain ab-
ormalities (Mathers et al., 1997). This phenotype is more
severe than that caused by disruption of the Pax6 gene
(Small eye) in mice, in which eye development is initiated
but arrests after formation of the optic primordia (Hogan et
al., 1986). Gain-of-function studies in Xenopus also showed
that Xrx1 is important for eye development and rostral
neural tube patterning (Mathers et al., 1997; Andreazzoli et
al., 1999). In both mouse and Xenopus the Rx ortholog is
expressed not only in retina but also in other forebrain
tissues. Since zebrafish has three rx genes, and two of them
(rx1 and rx2) are specific to the retina, these genes could
lay a more specific role in eye development than Rx does
n other vertebrates.
In zebrafish, the rx genes are among the earliest expressed
n the presumptive retinal field region of the rostral neural
late (Mathers et al., 1997; Chuang et al., 1999). At about
he same time that rx expression begins, genes that define
he presumptive telencephalic precursors (emx1 or BF-1) are
ctivated just outside (rostral and lateral to) the rx expres-
ion domain, whereas markers specific for ventral dience-
halic precursors are activated medial and caudal to the
etinal field (Varga et al., 1999). In Xenopus, the early
xpression of Xrx1 in the rostral neural plate is believed to
ctivate a program of rostral-patterning genes, and overex-
ression of Xrx1 suppresses otx2 (Andreazzoli et al., 1999).
n contrast, overexpression of rx2 in zebrafish did not
hange the expression of rostral-patterning genes (emx1,
F-1, otx2) at neural plate stages, although it did suppress
Copyright © 2001 by Academic Press. All rightmx1 and BF-1 at later stages. The discrepancy between the
wo species may result either from functional divergence of
he three zebrafish rx genes or from the different spatiotem-
oral relationships between zebrafish rx and the other
orebrain-patterning genes. For example, in addition to the
resumptive retinal field, Xrx1 is also expressed in a subset
f forebrain precursors, and the expression domain of Xrx1
s complementary to that of otx2 at the neural plate stage
Casarosa et al., 1997; Andreazzoli et al., 1999). In zebrafish,
n contrast, the expression domain of rx is initially con-
ained within the otx2 domain (at the neural plate stage)
nd down-regulation of otx2 within the rx expression do-
ain occurs later (at the neural keel stage).
These differences could also explain why misexpression
f rx2 induced ectopic neural retina and RPE that was
ssociated with the loss of forebrain, whereas in Xenopus,
he phenotype produced by misexpression of Xrx1 was
nterpreted to result from overproliferation of both retinal
nd forebrain tissues (Mathers et al., 1997; Andreazzoli et
l., 1999). It remains to be explained why the phenotype
roduced by overexpression of Xrx1 was different from that
aused by Xoptx2, since the latter has been definitely
hown to cause hyperproliferation in both retina and fore-
rain (Zuber et al., 1999). Although like Xoptx2 and Xrx1
Perron et al., 1998; Zuber et al., 1999), zebrafish rx1 and rx2
re expressed in the proliferating marginal zone of the
ifferentiated retina (Chuang et al., 1999), the eye size was
niformly increased in Xoptx2-injected embryos, whereas
n rx2-injected embryos, the increase in eye size was the
esult of medial expansion of the retina.
It is difficult to explain how overproliferation of retinal
rogenitor cells alone could cause the asymmetric expan-
ion of retina we observed in rx2-injected zebrafish em-
ryos. Instead, our data suggest that the retinal expansion is
ost likely the result of transformation of forebrain precur-
ors into retinal precursors. This interpretation is based on
he following observations. Although we could not detect
xpansion of the retina field in the rostral neural plate of
x2-injected embryos, and the expression domains of telen-
ephalic markers emx1 and BF-1 were not changed at the
neural plate stage, telencephalic markers were strongly
suppressed at the neural keel stage, and retinal markers
(pax6, rx1/2/3, six6, vsx2) were ectopically induced in the
regions between two optic primordia. Since the increase of
cell death seen in rx2-injected embryos was independent of
the eye phenotype, and since mitotic cells were not in-
creased in number in the retinal primordium of injected
embryos, the most likely explanation is that ectopic rx2
caused telencephalic precursors to change fate, and become
retinal precursors.
A similar transformation of forebrain into retina was
observed previously in zebrafish following injection of a
dominant-negative form of the tyrosine kinase receptor
EphA4 (rtk1) (Xu et al., 1996). Since rtk1 is not expressed in
retinal precursors, but rather in the forebrain domains
outside the retinal field (Xu et al., 1996), the most likely
interpretation is that activation of the EphA4 receptor
s of reproduction in any form reserved.
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27rx1 and rx2 Define the Retinapromotes forebrain, rather than retinal, development. The
ephrin-Eph signaling pathway has been shown to play an
important role in restricting cell movements and establish-
ing boundaries during hindbrain and somite formation in
zebrafish (O’Leary and Wilkinson, 1999; Mellitzer et al.,
1999, 2000; Xu et al., 1999; Durbin et al., 2000), and
Eph/ephrin interactions may play a similar role in setting
up the boundary between retinal and forebrain precursors
and in promoting lateral migration of retinal precursors
during morphogenesis of the optic primordia. One action of
rx2 might be to negatively regulate the expression of
EphA4, thus isolating the retinal field from the adjacent
forebrain territory, and thereby establishing the retinal cell
fate. One way to test this hypothesis would be to ask
whether wild type EphA4 could rescue the rx2-induced eye
henotype. The earlier study (Xu et al., 1996), together with
ur present work, suggests that proper cell–cell interactions
nd morphogenetic movements may be required for setting
p boundaries between optic primordia (retinal precursors)
nd forebrain precursors (see Fig. 9). Ectopic expression of
x2 in forebrain precursors may impair cell movements
nd/or disrupt boundaries during neurulation, resulting in
ixing of forebrain and retinal precursors and a subsequent
hange of cell identity. This hypothesis is supported by
esults from a loss-of-function study in mouse, which
howed that Rx is required prior to evagination of optic
rimordia (Mathers et al., 1997), and by our observation
that the altered gene-expression patterns in rx2-injected
mbryos occur just prior to separation of the retinal field
nd formation of the optic primordia.
Regulation of rx and the Network
of Eye-Determination Genes
In Xenopus it has been suggested that Xrx1 acts as a
transcriptional activator and the OAR domain is an activa-
tion domain (Andreazzoli et al., 1999). In contrast, we found
that the OAR domain and all other conserved domains
except the homeodomain in zebrafish rx2 are dispensable,
and typically inhibitory, for producing the eye phenotype.
Although protein stability may explain the variable efficacy
of different deletion constructs, the specificity of the eye
phenotype suggests that all constructs likely act on the
same target genes. We never found these eye phenotypes in
control embryos injected with eGFP or b-galactosidase, nor
n embryos injected with rx3, pax6, or six3/6 (unpublished
observations). The fact that the DNA-binding homeodo-
main alone is sufficient, although inefficient, for rx2 activ-
ity suggests that rx2 may cooperate with other nuclear
factors to promote retinal development. The rx2 cofactor(s)
could be another paired-class homeodomain protein or
another nuclear protein, such as the novel nuclear proteins
Eya (Eyes absent) and Dac (Dachshund), both of which are
involved in eye development (Bonini et al., 1993; Mardon et
al., 1994; Wawersik and Maas, 2000). The cooperative
dimerization of paired-class homeodomain proteins is well
documented (Wilson et al., 1993; Tucker and Wisdom,
Copyright © 2001 by Academic Press. All right1999), and many paired-class homeodomain proteins are
known to interact with other nuclear proteins (Wiggan et
al., 1998). However, since rx1 (which has a homeodomain
identical to that of rx2 and a high degree of homology to rx2
in other conserved domains) is much less efficient at
generating the eye phenotypes described here, regions out-
side these conserved domains must also participate in these
putative interactions.
Networks of eye-determination genes are involved in the
development of the vertebrate eye, as illustrated by overex-
pression studies with pax6, six3/6, and rx (Andreazzoli et
l., 1999; Chow et al., 1999; Loosli et al., 1999; Bernier et
l., 2000; this study), all of which activate other eye-
etermination genes, but not in a linear hierarchy. Al-
hough overexpression of all of these genes can induce the
ormation of ectopic retina, there are differences in the
ocation of the ectopic retinal tissue, the extent of ectopic
ye development, and the effects on brain development.
he different phenotypes produced by overexpression of
hese genes suggest that they may not function in a single
athway, and they may play different roles in eye develop-
ent. Homologous genes may also play different roles in
ifferent species (Kobayashi et al., 1998; Loosli et al., 1999;
Andreazzoli et al., 1999; this study). The fact that rx1 is
expressed slightly later than rx2 in the retinal field and that
rx1 is less potent at producing the expanded eye phenotype
suggests that rx1 may be downstream of rx2 or that perhaps
rx1 requires rx2 for maximal activity. On the other hand,
the low sequence homology and divergent expression pat-
terns of rx3 may explain why it could not produce the
expanded eye phenotype.
Unlike pax6 and six3/6, overexpression of rx in Xenopus
or zebrafish embryos did not induce ectopic retinal tissue
that was displaced from the endogenous eyes. These results
suggest that rx may act downstream of pax6 or six3/6. The
delayed onset of expression of rx1 and rx2 in the retinal field
compared to that in six3/6 and pax6 in zebrafish embryo
supports this interpretation. However, comparison of eye
phenotypes arising from deletion of Pax6 and Rx genes in
mouse embryos suggests that Rx acts upstream of Pax6 in
eye development. This discrepancy may result from the
presence of multiple rx genes in zebrafish rather than
species-specific effects. In fact, rx3 is expressed earlier than
pax6 in the retinal field of zebrafish (Pu¨schel et al., 1992;
Nornes et al., 1998; Chuang et al., 1999), although overex-
pression of rx3 was inhibitory to eye formation. Screening
for zebrafish mutants that have defects in eye-
determination genes, or a loss-of-function study of these
genes, is required to resolve these issues.
Additional genes that are required for the evagination of
optic primordia may also interact with Rx. At least two
genes have been demonstrated to play an important role in
this process. For example, loss-of-function of either the
Xenopus tailless or zebrafish islet-3 genes prevented the
formation of optic primordia (Kikuchi et al., 1997; Holle-
mann et al., 1998). A recent study in medaka fish described
a spontaneous, recessive, temperature-sensitive mutation
s of reproduction in any form reserved.
28 Chuang and Raymondcalled eyeless (el) (Winkler et al., 2000). In el2/2 embryos
reared at the restrictive temperature (18°C), optic primordia
fail to evaginate, but early retinal markers rx2, pax6, and
six3 are retained in the lateral walls of the ventral dien-
cephalon. These retinal precursor cells fail to differentiate
as neural retina or to express the later retinal markers vsx1
and vsx2 (a Chx10 ortholog), and most of the el2/2 embryos
die by 5 days. Identification of the zebrafish orthologs of the
gene(s) that is mutated in eyeless would facilitate elucida-
tion of the mechanism that leads to evagination of optic
primordia and might clarify the role of Rx in this process.
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